Introduction
Antimicrobial peptides (AMPs) are effectors of innate immunity in both plants and animals. They are small peptides, most consisting of less than 50 amino acids, are amphipathic and typically carry an overall positive charge (+2 or greater) due to a relative excess of amino acids such as arginine and lysine. They have been found in every species examined to date and over 900 have been identified across species. The peptides show a broad spectrum of antimicrobial activity and many have additional effects on mammalian cell behaviours.
The primary sources of mammalian AMPs are immune and inflammatory cells, particularly neutrophils, and epithelial tissue. The two major categories of mammalian AMPs are the defensins and cathelicidins. Human defensins are 29-45 amino acids in length and are characterized by the presence of 6 cysteine residues that interact to form 3 disulphide bonds and a ␤ -sheet structure. There are two classes of human defensin, referred to as ␣ and ␤ , based upon different patterns of connectivity of the cysteines; the ␣ -defensin arrangement is C1-C6, C2-C4 and C3-C5, whereas that of the ␤ -defensins is C1-C5, C2-C4 and C3-C6 [1] . A third defensin class, referred to as theta (or minidefensins), has been identified in leukocytes of non-human primates [2] [3] [4] . These 18-amino acid peptides are formed by the splicing of 2 truncated ␣ -defensins to create a circular structure. Six genes for human -defensins have been identified, but premature stop codons prevent their translation [5] .
Six human ␣ -defensins and 4 ␤ -defensins have been identified and characterized. Of the 6 ␣ -defensins, 4 were discovered in neutrophils, hence were named human neutrophil peptide (HNP)-1 to -4 [6] [7] [8] . Mature HNP-1 to -4 are localized to a subset of azurophil (myeloperoxidase-specific) granules where they represent 30% of total granule protein content [9, 10] . HNP-1 and -3 differ only in the first amino acid and HNP-2 is believed to be a proteolytic product of HNP-1 and/or -3 [7] . HNP-4 differs significantly in amino acid sequence from the other HNPs and is a minor component of the neutrophil granules [8] . HNPs are synthesized as preprosequences consisting of an amino terminal signal sequence (approximately 19 amino acids), an anionic propiece (approximately 45 amino acids) and a C-terminal mature peptide [11, 12] . The propiece is required for correct sub-cellular trafficking and sorting of proHNPs and acts as an intramolecular inhibitor of HNP activity presumably through charge neutralization [13] [14] [15] . Whilst the major activity of HNPs is presumed to occur when the azurophil granules fuse with the phagocytic vacuole containing ingested pathogen, HNPs are released extracellularly upon neutrophil activation and can be detected in plasma and body fluids [10] . Although neutrophils are the primary source of HNPs, these ␣ -defensins have also been localized to monocytes and lymphocytes and immature monocyte-derived dendritic cells [16, 17] . Also, recently it was reported that macrophages can acquire HNPs and other antimicrobial substances through phagocytosis of apoptotic neutrophils [18] .
The other 2 characterized ␣ -defensins are human defensin (HD)-5 and -6, which were first isolated from intestinal Paneth cells [19, 20] . HD-5 has now also been localized to the female reproductive tract and is found 'infrequently' in nasal and bronchial epithelial cells [21, 22] . The intestinal defensins are stored in the Paneth cells in proforms, which are then cleaved, during or perhaps after their release into the intestinal lumen. Processing is carried out by the serine proteinase trypsin, which is also produced by the Paneth cells as an inactive zymogen [23] .
The genes for the ␣ -defensins reside on chromosome 8p23 [24] . The genes for HNP-1 to -4 have 2 introns and 3 exons, with the last 2 exons encoding the prepropeptide [25] . In contrast, the genes for HD-5 and -6 have only 2 exons [25, 26] . Several studies have shown copy number polymorphisms in the genes DEFA1 and DEFA3, which code for HNP-1 and HNP-3, respectively, with some people having up to 14 copies and others none [27] [28] [29] [30] . This raises the question of whether or not variability in gene copy numbers may result in differences in individual resistance to infection. The genes for the other ␣ -defensins are only found as 2 copies per diploid genome [29] .
The 4 characterized human ␤ -defensins are named human ␤ -defensin (hBD)-1 to -4. They are primarily expressed in epithelial tissue, but some (hBD-1 and -2) have also been found in immune cells (monocytes, macrophages and dendritic cells) [31, 32] . hBD-1, which was first isolated from plasma, is constitutively expressed by a variety of epithelia including airway epithelia, urogenital tissue, nasolacrimal duct and mammary gland [33] [34] [35] [36] [37] . hBD-2 expression is inducible in many epithelia in response to bacterial products [often acting via toll-like receptor (TLR) activation] and cytokines [38] [39] [40] [41] . hBD-3 expression is also inducible in some epithelial tissues by tumour necrosis factor (TNF)-␣ and interferon-␥ [42, 43] . The expression of hBD-4 is more restricted than that of the other defensins, with testes and epididymis having the highest levels [44, 45] . Expression of hBD-4 is inducible by bacterial exposure but not by the cytokines reported to upregulate hBD-2 and -3 [44] .
Like ␣ -defensins, the ␤ -defensins also arise by cleavage of a larger precursor, this time consisting of a leucinerich signal sequence, a short or absent propiece and the mature peptide. In most cases the ␤ -defensin precursors are encoded in 2 separate exons separated by an intron of variable length, with one exon encoding the signal sequence and propiece and the other encoding the mature peptide. The gene for hBD-2 has 3 binding sites for nuclear factor (NF)-B and binding sites for other transcription factors such as activator protein-1 and NF for interleukin (IL)-6 (NF-IL-6), which is in keeping with its status as an inducible AMP [46] [47] [48] .
The genes for hBD-1 to -4 (known as DEFB1, DEFB4, DEFB103 and DEFB104, respectively) all map to chromosome 8p22-23 close to the ␣ -defensin genes [49] . Using computational search strategies it has been established that the human genome contains some 39 ␤ -defensin genes and pseudogenes that are distributed in 5 clusters, 2 each on chromosomes 8 and 20 and 1 on chromosome 6 [50, 51] . Only a few of these novel genes have been investigated. For example, Yamaguchi et al. [45] studied DEFB5 and 6 and found that their products, named hBD-5 and -6, were expressed in the epididymis. DEFB25-29 and 118 are also expressed in the male genital tract [52, 53] . Premratanachai et al. [54] observed that DEFB7, 9, 11 and 12 were constitutively expressed by gingival keratinocytes, whereas expression of DEFB8 and 14 was induced by cytokines and infection. hBD-5 and the product of DEFB9 have also been found to be expressed in the lung [55] .
As with the ␣ -defensins, copy number variation has been reported for hBD-2, -3 and -4, with up to 12 copies per diploid genome being reported [29, 56] . Gene copy number correlated with expression, suggesting that these variations may have significant consequences for the functioning of the immune system. DEFB1, the gene for hBD-1, only appears as a single copy but exhibits a number of single nucleotide polymorphisms which have been linked to a variety of disease conditions including chronic obstructive pulmonary disease, asthma, cancer and endophthalmitis [29, [57] [58] [59] [60] .
The second major group of mammalian AMPs is the cathelicidins, and while several species such as cow and pig express multiple cathelicidins only one, LL-37, is expressed in humans. The term cathelicidin was coined by Zanetti et al. [61] to describe AMPs that have a 'cathelin precursor' domain, the sequence of which is very similar to that of cathelin, a protein in porcine neutrophils which is an inhibitor of the cysteine protease cathepsin L (i.e. cathe psin L in hibitor) [62] . The N-terminal cathelin domain is highly conserved among species and is 99-114 amino acids long [61] . In contrast, the C-terminal antimicrobial domain varies considerably in sequence and length (12-100 amino acids). Identified by three independent groups in 1995, the human cathelicidin LL-37 is so called because it begins with 2 leucine residues and is 37 amino acids long [63] [64] [65] . The gene for LL-37, CAMP, maps to chromosome 3 and exists as a single copy [66, 67] . It has 4 exons, the first 3 of which code for a 29-amino acid signal sequence and the cathelin domain, with the 4th coding for the mature peptide [68] . The full-length precursor is referred to as human cationic antimicrobial protein 18 (hCAP18) owing to its mass (18 kDa) and similarity to the rabbit antimicrobial protein CAP18 [64, 69] .
Initially, LL-37 was isolated from neutrophils, where it is stored as hCAP18 in the secondary (or specific) granules. Processing of hCAP18 to yield LL-37 occurs during its secretion and is mediated by proteinase 3 [70] . In addition to neutrophils, LL-37 is now known to be produced by immune cells, mast cells and a variety of epithelia including lung, skin, squamous epithelia of mouth, tongue, esophagus, cervix and vagina and eccrine sweat glands [16, [71] [72] [73] [74] [75] . LL-37 expression is constitutive in some tissues but inducible by pathogens, pro-inflammatory cytokines and vitamin D3 in others [76] [77] [78] . Regulatory motifs involved in mediating LL-37 upregulation likely include NF-B, interferon-␥ response element and NF-IL-6 [66] . Notably, while the parent molecule hCAP18 has no known biological activity, in addition to LL-37, the cathelin domain has also been shown to be active, as it has antimicrobial activity and inhibits proteases [79] . Post-secretory processing of LL-37 by the serine proteases kallikrein 5 and 7 has been shown to occur at the skin surface, generating smaller peptides (referred to as KR-20, KS-30 and RK-31) with greater antimicrobial activity than the parent molecule [80, 81] .
While defensins and cathelicidin represent the most well characterized human AMPs, a number of others have been identified. Liver expressed antimicrobial peptide (LEAP)-1 was identified in blood ultrafiltrate by Krause et al. [82] in 2000. This 25-amino acid peptide has 4 disulphide bonds and is highly expressed in liver (hence its name). It was also isolated from urine by Park et al. [83] , who referred to is as hepcidin. A second AMP that is also synthesized by the liver, LEAP-2, has also been isolated from blood [84] . Several circulating forms were identified which differed in length but which all had 2 disulphide bonds. Hepcidin (LEAP-1) is now recognized as a peptide hormone important for iron homeostasis and through this action may further contribute to host defence by limiting iron availability to microbes [85] . Dermcidin is a 47-amino acid AMP expressed in sweat glands and secreted into sweat [86] . Histatins are a group of histidine-rich AMPs produced by the parotid and sub-mandibular salivary glands, and in contrast to most other AMPs, which are bactericidal, these peptides are primarily antifungal [87] . Thymosin ␤ -4, a G actin-sequestering anionic peptide, has also been shown to have antimicrobial activity and is present in platelets and various tissues [88] . A significant number of chemokines, including macrophage inflammatory protein (MIP)-3 ␣ , CCL1, CXCL1-3 and CXCL9-11, have also been found to have antimicrobial activity [89, 90] . However, for molecules such as these, microbial killing is unlikely to be their major activity in vivo. Other small peptides with antimicrobial activity are discussed in a recent review by Radek and Gallo [91] .
AMPs Present at the Ocular Surface
As summarized in table 1 , the major AMPs present at the ocular surface are defensins and LL-37. In regard to defensins, both ␣ -and ␤ -defensins have been detected, with the primary source of the former being infiltrating neutrophils, whilst the latter are synthesized and secreted by ocular surface epithelial cells. Gottsch et al. [92] detected ␣ -defensins HNP-1 to -3 in human corneal stroma in cases of rejected transplants and post-infectious kera- titis but not normal cornea. Haynes et al. [93, 94] also observed positive immunoreactivity for HNP-1 to -3 in inflamed conjunctiva and samples of normal tear film. Recently, Zhou et al. [95] confirmed the presence of HNP-1 to -3 in tear film and using liquid chromatographymass spectrometry showed that the normal levels of these defensins were in the range of 0.2-1 g/ml. Elevated tear levels of ␣ -defensins were noted in patients after surgery for removal of an ocular surface neoplasm and in allergic patients with corneal epithelial lesions [95, 96] . Expression of the ␣ -defensins HD-5 and HD-6 has also been investigated; however, no evidence for their production was found [93, 94] .
Both cornea and conjunctival epithelial cells express ␤ -defensins. hBD-1 is constitutively expressed, whereas the expression of hBD-2 is variable, as it is expressed by normal tissue only occasionally [93, 94, [97] [98] [99] [100] [101] . Ocular surface hBD-2 expression is known to be inducible by exposure to both Gram-negative and -positive bacteria and bacterial products such as lipopolysaccharide (LPS), peptidoglycan and lipoproteins [78, 98, [102] [103] [104] . These effects are chiefly mediated via activation of TLRs such as TLR2 [78] . Cytokines such as IL-1 and TNF-␣ have also been shown to induce hBD-2 [100, 101, 105] . Expression of this defensin is also upregulated in the cornea in response to injury [106] and in the conjunctival epithelium of patients with dry eye [101, 107] . Corneal and conjunctival epithelial cells also express hBD-3 [100, 101, 108] , but while some studies have indicated that expression of this defensin is inducible by TNF-␣ and interferon-␥ [42, 43, 109] , this was not observed in ocular surface epithelial cells [101] . Whilst McIntosh et al. [108] detected expression of hBD-4 in cultured ocular surface cells, this defensin was found only infrequently in non-cultured samples. Huang et al. [110] did not detect hBD-4, -5 or -6 in ocular surface cells. McIntosh et al. [108] also studied the expression of 13 putative novel ␤ -defensin genes (DEFB105, 107, 108, 118-123, 125-127, 129) in ocular surface tissue but did not find them to be present. In a recent study, expression of a novel ␤ -defensin gene, DEFB109, was detected in the ocular surface epithelia, and interestingly its expression was decreased in inflammation and infection [111] . It should also be noted that in contrast to the ␣ -defensins, ␤ -defensins have not been detected in the tear film [95, 112] . LL-37, the only member of the human cathelicidin family, is also expressed by both corneal and conjunctival epithelial cells [108, 113] . Its expression is increased in response to corneal epithelial injury and bacterial challenge with Pseudomonas aeruginosa and Staphylococcus aureus [78, 102, 114] . Also, as LL-37 is a major component of neutrophil granules, its ocular surface levels are also expected to rise in situations leading to infiltration of these and other inflammatory cells.
While defensins and LL-37 represent the main AMPs present at the ocular surface, others have been reported. McIntosh et al. [108] noted expression of mRNA for LEAP-1 and -2, although this could not be confirmed by Huang et al. [110] . Also, Martins et al. [115] recently reported expression of dermcidin at the protein level in corneal epithelium [pers. communication] and endothelium, although this contradicts earlier mRNA expression data of McIntosh et al. [108] . Statherin [116] , an antimicrobial phosphoprotein, and CCL28 and CXCL-1 [117] , 2 of many 'antimicrobial cytokines' [89, 90] , are also expressed by ocular surface epithelial cells. Huang et al. [110] reported that corneal and conjunctival epithelial cells express MIP-3 ␣ and thymosin ␤ -4. However, whilst both of these peptides have been reported to have antimicrobial activity, they were not particularly effective against ocular pathogens. Antifungal histatins have been detected in tear film, but are not expressed by ocular surface epithelia [110, 118] .
While the epithelia have been the major focus for studies on ocular surface AMP expression, immune and inflammatory cells normally residing in the cornea and conjunctiva or drawn in in response to inflammatory stimuli are also sources of various AMPs. Additionally, defensins and cathelicidin have recently been detected in glands of Moll, and thus may enter the tear film via this route [119] .
General Mechanisms of Antimicrobial Action
As a group, AMPs demonstrate direct broad-spectrum antimicrobial activity against a wide range of bacteria, fungi and some viruses. Peak antibacterial activity typically occurs in the low micromolar range, although there is significant variability in the ability of AMPs to kill specific bacteria. In vitro antimicrobial activity is rapid (15-90 min) , and maximal effects are most commonly observed under conditions of low ionic strength, with low concentrations of divalent cations and plasma proteins, although some AMPs, including hBD-3, are less salt sensitive than others, likely attributable to an increased positive surface charge [120] . A recent study by Dorschner et al. [121] suggests that carbonate is a critical ionic factor present in vivo that allows AMPs to exert significant antimicrobial activity.
The primary site of AMP action is the microbial cell membrane, electrostatic disruption of which leads to permeabilization, loss of essential intracellular components and death. The preference of AMPs for microbial versus mammalian cell membranes is due to differences in membrane components which result in the surface charge of mammalian cells being neutral whereas bacteria are negatively charged. In addition, cholesterol, which is present in mammalian but not bacterial cell membranes, makes it more difficult for AMPs to disrupt the bilayer [122, 123] . It should be noted, however, that, whilst many AMPs show a preference for prokaryotic cells and do not affect mammalian cells, several, particularly at high concentrations, are cytotoxic to eukaryotic cells.
Antimicrobial effectiveness is influenced by a number of factors including amino acid sequence (content and length), net positive charge, amphipathicity, hydrophobicity, folding and oligomerization. A number of different mechanisms have been proposed, but all have electrostatic interaction between the positively charged AMP and the negatively charged microbial membrane as the initial interaction. In the carpet model, AMPs, either as single molecules or oligomers, first assemble as a covering on the surface of the membrane [124] . Such 'carpeting' may also precede some of the other putative modes of permeabilization discussed below. The AMP molecules orient themselves so that the hydrophobic portion is towards the membrane lipids and the hydrophilic region faces the polar head groups of the phospholipids. On reaching a threshold concentration, the bilayer curvature is disrupted, there is thinning of the outer leaflet and thus the membrane is permeated. Transient holes may also be present before the collapse of the membrane.
In the barrel-stave model, peptides form traditional ion channel pores, with the peptides forming the staves. In order to achieve this, peptides must be hydrophobic to enable penetration of the membrane, they have to be able to self-assemble while associated with the membrane and if ␣ -helical (such as LL-37) must be at least 22 amino acids in length or 8 amino acids if they have a ␤ -sheet arrangement (such as the defensins). The peptides aggregate in the membrane so that hydrophobic regions align with the lipid with the hydrophilic regions forming the interior of the pore. Recruitment of additional monomers leads to a steady increase in pore size, and leakage of intracellular components subsequently leads to cell death [125] .
In the toroidal pore (also referred to as wormhole) model, the AMPs insert into the membrane and cause the monolayers to bend through the pore so that the interior is lined with both AMPs and lipid head groups [126] . Interactions between the positively charged peptides are minimized due to the negatively charged phospholipids lining the pore. This model differs from the barrel-stave model as the peptides are always associated with the lipid head groups even when inserted into the membrane in a perpendicular fashion [127] .
Other proposed mechanisms include the detergent model, where the AMPs carpet the membrane, ultimately reaching a high enough local concentration that allows them to act as detergents and break the membrane into smaller fragments [128] . In the sinking raft model, the binding of AMPs creates a large membrane curvature, making the AMPs sink and form transient pores [129] . There is also the molecular electroporation model, where AMPs create a difference in electrical potential in the membrane, leading to pore formation [130] .
There is also evidence to suggest that several AMPs utilize intracellular targets in addition to (or sometimes instead of) membrane permeabilization to effect bacterial killing. These mechanisms include inhibition of protein, peptidoglycan and nucleic acid synthesis and interference with the activity of bacterial heat shock proteins [131] [132] [133] [134] [135] [136] [137] [138] [139] . These modes of AMP 'intracellular killing' are reviewed in detail by Brogden [140] and Hale and Hancock [141] .
Studies are still ongoing to determine the precise mechanism of antimicrobial action of the human AMPs. Defensins form dimers in solution, and Wimley et al. [142] reported that neutrophil defensin HNP-2 formed pores of up to 2.5 nm in diameter (possibly representing a hexamer of dimers) in unilamellar vesicles. In contrast, studies by Hoover et al. [143] indicated that while hBD-2 forms dimers, the structural and electrostatic properties of its oligomers were compatible with the carpet model rather than the formation of bilayer-spanning pores. While the details of defensin action have still to be elucidated, it is known that disulphide bonding is not required for defensin antimicrobial activity [144, 145] . Interestingly, the activity of hBD-3 against Gram-negative organisms appears to reside in the C-terminal region, whereas that against Gram-positives and fungi resides in the Nterminal region [145] . In contrast to most other linear AMPs, LL-37 assumes a secondary structure and forms oligomers in aqueous solution [147, 148] . Biophysical studies of its mechanism of antimicrobial action were recently reviewed in detail by Durr et al. [149] . While the barrel-stave and detergent-like mechanisms have been ruled out for LL-37, nuclear magnetic resonance studies provide supportive evidence for the toroidal-pore mechanism [150] , while others favour the carpet model [148, 151] . Interestingly, the results of a recent study suggest that LL-37 utilizes different mechanisms of membrane perturbation depending upon the head group charge and hydrocarbon chain length of the lipids [152] . The antimicrobial activity of LL-37 resides in the C-terminal region, with a 13-residue core peptide consisting of amino acids 17-29 having the most activity [153] .
Mechanisms of AMP antibacterial activity are the most well characterized to date; however, several AMPs, including defensins and LL-37, have antifungal (candidacidal) and antiviral (for example herpes simplex, adenovirus and human immunodeficiency virus) activity [154] [155] [156] [157] [158] [159] . Antifungal activity has several mechanistic similarities to antibacterial activity including membrane permeabilization by some AMPs and interference with mitochondrial function [160] . Antiviral activity may include direct effects such as interference with viral envelopes or may be indirect through effects on host target cells such as modulation of viral co-receptor expression [161] .
Do AMPs Exert Antimicrobial Activity at the Ocular Surface?
In vitro studies have shown that some AMPs known to be expressed at the ocular surface are active against common ocular pathogens. hBD-3 and LL-37 have good activity against both P. aeruginosa and S. aureus , while hBD-2 has good activity against P. aeruginosa but is much less effective against S. aureus strains. hBD-1 is the least effective of the ocular surface defensins tested, having only moderate activity against P. aeruginosa and none against staphylococcal strains [110, 113] . LL-37 and defensins also have activity in vitro against herpes simplex virus-1 and adenovirus 19, a major cause of conjunctivitis [113] . One issue regarding AMP activity that has frequently been raised is whether or not sufficiently high levels can be achieved in vivo to ensure adequate antimicrobial activity. This applies only to secreted AMPs, as those sequestered in neutrophil granules, for example, are known to be at concentrations greatly in excess of those needed for antimicrobial activity. The amount of AMPs produced by the ocular surface epithelia is unknown. Zhou et al. [95] quantitated HNPs in the tear film and found them to occur at concentrations of around 0.2-1 g/ml under normal circumstances, rising to as much as 20 g/ml after ocular surface surgery. The latter concentration would be expected to result in mild to moderate bacterial killing depending on the strain. Studies have revealed that in skin, defensins and LL-37 are localized to structures called lamellar bodies, which are lipid-containing vesicles secreted into the extracellular space and which have the effect of raising the local concentration of these AMPs [162, 163] . Therefore, a similar principle operating at the ocular surface within the environment of the tear film and epithelia may be able to raise local AMP concentrations to very effective levels.
As noted earlier, the primary mechanism of AMP activity involves an electrostatic interaction with the negatively charged microbial surface. This can be disrupted by physiological salt concentrations leading to a reduction in AMP activity and an overall increase in the amount of AMP required to obtain a significant antimicrobial effect. Given that the ocular surface is bathed in a salt solution, i.e. the tear film, the antimicrobial effectiveness of AMPs in vivo is further in doubt. The effect of physiological salt concentrations and human tears on AMP antimicrobial activity has been tested in vitro. In keeping with observations of others on the effects of salt, Huang et al. [110, 114] found that antimicrobial activity was markedly reduced or even lost at low AMP concentrations but at higher concentrations it was not as greatly affected. This implies that elevated AMP levels would indeed have significant antimicrobial activity. However, it must be noted that at high concentrations AMPs frequently become cytotoxic to mammalian cells including those of the ocular surface [114] ; thus, elevating levels to kill pathogens may be at the cost of some host cells. Of the ocular surface-expressed peptides tested, hBD-3 and LL-37 were least affected by salt, which is in keeping with earlier observations [42, 120] . Synergistic interactions between AMPs and also other host defence proteins such as lysozyme have been observed and these have been shown to help temper the effects of high salt [164] [165] [166] .
Interestingly, in the presence of human tears the in vitro antimicrobial activity of hBD-1 and hBD-2 was virtually eliminated even at high peptide concentrations [110] . This indicated that some component other than salt must also be responsible for inhibiting antimicrobial activity. This was further investigated for hBD-2, leading to the finding that the mucin MUC5AC, the major gel-forming mucin of the tear film, is able to bind and inhibit hBD-2 antimicrobial activity [112] . Notably, while the antimicrobial activity of hBD-1 and -2 was markedly inhibited by tears, this was not the case for LL-37 and hBD-3 [110, 114] .
Overall, current in vitro studies imply that the AMPs most likely to show significant independent antimicrobial activity at the ocular surface in vivo are LL-37 and hBD-3. Others such as hBD-1 and -2 may contribute under conditions when high concentrations can be achieved (perhaps at the risk of some cytotoxicity) and/or by interacting synergistically with AMPs and other antimicrobial molecules, or, as detailed below, their primary activities may be non-microbicidal in nature.
Having acknowledged that there are physiological issues that question the existence of AMP activity at the ocular surface, there is compelling evidence from recent animal studies to support an antimicrobial role for some AMPs in vivo. Huang et al. [167] observed that mice in which the gene Cnlp, which codes for CRAMP, the murine homologue of LL-37, had been knocked out showed increased susceptibility to P. aeruginosa infection, as manifested by delayed bacterial clearance, increased numbers of neutrophils, an altered cytokine profile, increased clinical scores and a failure to resolve the infection. Mice deficient in TLR4 have also been shown to be susceptible to P. aeruginosa keratitis, attributable in part to reduced production of antimicrobial molecules including murine ␤ -defensin-2 [168] . Also, in a recent study it has been reported that pre-treatment with the TLR5 agonist flagellin reduces inflammation and improves outcome in a murine model of P. aeruginosa keratitis [169] . This effect was attributable in part to upregulation of antimicrobial molecules including CRAMP, resulting in more rapid bacterial clearance. Together these studies are the first to indicate that some AMPs are indeed able to overcome issues such as concentration, salt sensitivity and inactivation by tear film components and contribute to the defence of the ocular surface in vivo.
Non-Antimicrobial Roles of AMPs at the Ocular Surface
Evidence from a large number of studies supports roles for AMPs in a range of activities in addition to direct antimicrobial action. Such effects range from stimulation of mammalian cell proliferation to modulation of complement pathways (summarized in fig. 1 ). These activities are independent of AMP antimicrobial activity, typically occurring at much lower concentrations, are not sensitive to the effects of physiological salt concentrations and are receptor mediated. Specific receptors identified for defensins include P2Y6 for HNP-1 [170, 171] , CCR6 for hBD-2 [172, 173] and TLR1 and -2 for hBD-3 [174] , whereas LL-37 has been reported to utilize formyl peptide receptor-like 1 [16, [175] [176] [177] , epidermal growth factor receptor [178] and P2X7 [179, 180] . Some studies have now begun to address non-microbicidal roles for AMPs at the ocular surface.
After corneal injury, epithelial expression of hBD-2 and LL-37 is upregulated [106, 114] , and neutrophils (a source of both ␣ -defensins and LL-37) are known to infiltrate the ocular surface. Notably, in a rabbit model of corneal injury, levels of ␣ -defensins in the tears correlated with wound closure [181] . Such observations have led to the suggestion that defensins and LL-37 may be important for ocular surface wound healing. Accurate and timely wound healing requires rapid cell migration, proliferation and secretion of a plethora of cytokines and growth factors [182] . Recent studies have shown that AMPs can modulate some of these activities. Huang et al. [114] showed that LL-37 stimulated migration of cultured corneal epithelial cells but, in contrast to findings in other cell types [183, 184] , was not capable of promoting cell proliferation. This AMP also stimulated human corneal epithelial cells to secrete IL-1 ␤ , IL-6, IL-8 and TNF-␣ . These actions were mediated via the G protein-coupled receptor formyl peptide receptor-like 1 and transactivation of the epidermal growth factor receptor leading to activation of MAP kinase (ERK1/2 and c-JNK), phosphatidyl inositol 3 kinase and tyrosine kinase pathways. Defensins (HNP-1 and hBD-2) were shown to enhance fibronectin-induced corneal epithelial cell migration al- though they did not stimulate IL-8 release by these cells [185] . In human conjunctival epithelial cells, HNP-1 transiently increased cytokine (IL-1, IL-6, IL-8 and TNF-␣ ) mRNA expression and high concentrations of hBD-2 markedly stimulated IL-6 and IL-8 secretion [186, 187] . Neither defensin had a mitogenic effect on conjunctival epithelial cells, which is in contrast to conjunctival fibroblasts, where both HNP-1 and hBD-2 stimulated proliferation as determined by bromodeoxyuridine incorporation [188] . The latter effect was found to be mediated via activation of p42/44 MAP kinase and Akt. Furthermore, while defensins did not stimulate conjunctival fibroblast migration, HNP-1 and hBD-2 enhanced collagen gene expression, reduced collagen I secretion and modulated matrix metalloproteinase expression. These studies suggest that defensins and LL-37 may directly affect wound healing by modulating cell migration and/or proliferation and may act indirectly via cytokine production. As IL-8 is a potent chemoattractant for neutrophils they may indirectly promote infiltration of these cells, lack of which has been shown to impede ocular surface healing [189, 190] . Additionally, defensin effects on fibroblast collagen production and matrix metalloproteinase expression are suggestive of a role in tissue remodeling.
Extrapolating from findings in other cells and tissues, AMPs may also be involved in a variety of other activities at the ocular surface. LPS (endotoxin) is a product of Gram-negative bacteria and through activating TLR4 induces an inflammatory response and likely mediates much of the ocular surface damage that results from infections with pathogens such as P. aeruginosa . LL-37 is known to bind and neutralize LPS [65, 69] and so may have a role in dampening LPS-mediated ocular surface inflammation and damage. Some defensins have been observed to inhibit the classical and in some cases also the lectin pathway of complement activation [191] [192] [193] . The complement pathway is active at the ocular surface [194] , therefore again, some AMPs may exert an anti-inflammatory role by dampening complement activation. It should be noted, however, that one group has reported that ␣ -defensins activate the classical complement pathway [195] . If this activity were to predominate, a pro-inflammatory effect would result, although enhanced microbial killing would be a potential benefit [196] . Defensins and LL-37 have also been shown to stimulate mast cell degranulation [197, 198] and thus may contribute to conjunctival mast cell activation and so provide an additional route leading to inflammatory responses.
It was believed for many years that corneal immune privilege was in part due to a lack of immune cells, but it is now well established that the cornea, along with the conjunctiva, is well equipped with leukocytes and in particular antigen-presenting cells such as dendritic cells [199] . The immune privilege results from these cells (particularly those in the central cornea) being in an immature rather than mature active state under normal circumstances. Both defensins and LL-37 have been shown to be chemotactic for a variety of immune and inflammatory cells, including lymphocytes, monocytes and immature dendritic cells, and thus may help draw these cells to a site of injury or infection [43, 172, 175, 200] . AMPs also stimulate inflammatory and immune cell cytokine production, which in turn can modulate cellular functions [179, [201] [202] [203] [204] . Additionally, hBD-3 has been shown to activate dendritic cells [174] , raising the possibility that corneal/conjunctival epithelial hBD-3 may be able to activate epithelial Langerhans cells and stromal dendritic cells, which in turn may initiate an adaptive immune response.
In addition, some AMPs have been found to modulate angiogenesis/neovascularization. Interestingly, while LL-37 appears to be pro-angiogenic [177] , HNPs are reported to be anti-angiogenic [205, 206] . As noted earlier, injury or insult to the ocular surface results in attraction of neutrophils. Thus, the relative levels of HNPs (from neutrophils) and LL-37 (from both neutrophils and epithelial cells) may influence the avascularity of the cornea after trauma.
Whilst there is still much work to be done to definitively define the roles of defensins, LL-37 and other multifunctional AMPs at the ocular surface, it is clear that the presence of these molecules is, as is the case with many other biological factors such as cytokines, a 'double-edged sword' in that they may have several beneficial functions, such as direct microbial killing, promotion of wound healing and modulation of immune responses, but this may come at the cost of unwanted inflammation and toxicity.
AMPs as Ocular Surface Therapeutics
AMPs show promise not only as novel antimicrobial agents capable of direct microbial killing, but, given the plethora of activities in which they appear capable of participating, they may, for example, find a place as immune modulators or mediators of wound healing. Antimicrobial properties such as broad-spectrum rapid killing ac-tivity and reduced likelihood of organisms developing resistance make AMPs a particularly attractive alternative to conventional antimicrobials. However, several factors have limited their development as therapeutic agents, including cost, susceptibility to proteases and cytotoxicity [207, 208] . Strategies to circumvent these issues and hopefully accelerate the development process are now being developed, including using D rather than L amino acids to improve stability [209] and identifying the specific sequences in which the activity of interest (antimicrobial/ modulatory) resides so that shorter peptides can be used to reduce cost and minimize toxicity [210] .
Several studies have addressed ways in which an AMPbased product may be used as an ocular surface therapeutic, including direct topical application to prevent and/or treat infections [211] [212] [213] , incorporation into a contact lens [214] and as novel preservatives in contact lens solutions [215] and corneal storage media [216] . The results of in vivo studies into the efficacy of AMPs as stand-alone topical anti-infectives have been variable. Nos-Barbera et al. [211] showed that rabbits infected by intrastromal injection of P. aeruginosa then treated with synthetic peptides containing partial sequences from cecropin A (an insect AMP) and melittin (from bee venom) had reduced inflammatory signs and less damage than vehicle-treated controls. On the other hand, COL-1, a synthetic AMP with potent antimicrobial activity in vitro, had no clinical benefit in a rabbit model of P. aeruginosa keratitis [212] . In fact, peptide-treated animals had more signs of inflammation than control rabbits. Most recently, retrocyclin 2, a synthetic -defensin, was found to have antiviral activity in an in vivo murine model of herpes simplex-1 keratitis when given prophylactically; however, the peptide was not effective when administered for an active infection [213] . As noted earlier, tear film components are capable of inactivating some AMPs; indeed, this may have been responsible for the lack of COL-1 efficacy in vivo, and thus future studies aimed at developing a topical therapeutic AMP need to take this into consideration alongside issues such as potential cytotoxicity and unwanted inflammation. More encouraging results may be obtained by simultaneous application of more than one AMP to take advantage of synergistic interactions at low, non-cytotoxic concentrations. Additionally, novel delivery systems such as any of the several types of nanoparticles now available may help circumvent some of the problems associated with topical ocular administration.
Although a number of companies have undertaken the task, no AMP-based product has successfully been brought to market for any indication. However, there are a number in development [207, 208] for a variety of (mostly) infectious diseases and the next few years are likely to see the first of these appear on the market. An alternative approach to adding an AMP exogenously is to boost endogenous levels in the hope of achieving greater antimicrobial protection and/or modulation of cell function. That this is tenable for the ocular surface was recently shown in the aforementioned study by Kumar et al. [169] , who found that prior application of the TLR5 agonist flagellin upregulated CRAMP expression, reduced inflammation and improved outcome in a murine model of P. aeruginosa keratitis.
Summary
Current data show that the major AMPs at the ocular surface are ␣ -and ␤ -defensins and LL-37. Corneal and conjunctival epithelial cells are the source of ␤ -defensins (hBD-1, -2 and -3) and LL-37, whereas neutrophils infiltrating the stroma in response to an inflammatory stimulus and in the tear film supply ␣ -defensins (HNP-1, -2 and -3) and additional LL-37. hBD-1 and -3 and LL-37 are expressed in normal cornea and thus are likely to contribute to a baseline defence. hBD-3 and LL-37 have the most potent antimicrobial activity in vitro and are not as susceptible to physiological salt and other tear film components, so are the most likely to have independent activity at the ocular surface in vivo. In addition to affording protection by direct microbial killing, AMPs may also help to regulate activities such as corneal wound healing and immune responses. Owing to their broad-spectrum antimicrobial activity and multiple other actions, AMPs hold significant promise as therapeutic agents, and as a greater understanding of their regulation and biological roles is gained it is conceivable that an AMP-based product(s) may have a future place in the armamentarium of eye care professionals.
